Abstract. Previous studies have identified that dexmedetomidine (DEX) treatment can ameliorate the acute lung injury (ALI) induced by lipopolysaccharide and ischemia-reperfusion. However, the molecular mechanisms by which DEX ameliorates lung injury remain unclear. The present study investigated whether DEX, which has been reported to exert effects on oxidative stress, mitochondrial permeability transition pores and apoptosis in other disease types, can exert protective effects in lipopolysaccharide (LPS)-induced ALI by inhibiting oxidative stress, mitochondrial dysfunction and mitochondrial-dependent apoptosis. It was revealed that LPS-challenged rats exhibited significant lung injury, characterized by the deterioration of histopathology, vascular hyperpermeability, wet-to-dry weight ratio and oxygenation index (PaO 2 /FIO 2 ), which was attenuated by DEX treatment. DEX treatment inhibited LPS-induced mitochondrial dysfunction, as evidenced by alleviating the cellular ATP and mitochondrial membrane potential in vitro. In addition, DEX treatment markedly prevented the LPS-induced mitochondrial-dependent apoptotic pathway in vitro (increases of cell apoptotic rate, cytosolic cytochrome c, and caspase 3 activity) and in vivo (increases of |terminal deoxynucleotidyl transferase dUTP nick-end labeling positive cells, cleaved caspase 3, Bax upregulation and Bcl-2 downregulation). Furthermore, DEX treatment markedly attenuated LPS-induced oxidative stress, as evidenced by downregulation of cellular reactive oxygen species in vitro and lipid peroxides in serum.
Introduction
Acute lung injury (ALI) and acute respiratory distress syndrome are well-defined and readily recognized clinical disorders caused by numerous clinical insults to the lung or due to predispositions to lung injury (1) (2) (3) . ALI is a frequent complication following sepsis in critically ill patients and lipopolysaccharide (LPS) is thought to be the most important pathogen that leads to the development of ALI in sepsis (4, 5) .
Mitochondrial damage is associated with numerous human diseases, including ALI (6) (7) (8) (9) . Mitochondria are involved and serve a central role in the integration and circulation of death signals initiating inside the cells, including oxidative stress and DNA damage, and in regulating cell death/apoptosis pathways (10) (11) (12) . Mitochondrial regulation of apoptosis is predominantly mediated via the release of cytochrome c, apoptosis-inducing factor (AIF), and second mitochondria-derived activator of caspases (Smac) and ultimately caspase activation (13) (14) (15) .
Dexmedetomidine (DEX), a highly selective and potent α2-adrenoreceptor agonist, provides excellent sedation and analgesia with minimal cardiovascular effects. Previous studies have shown that DEX attenuates LPS, ischemia-reperfusion and ventilator-induced lung injury in animal models; however, the mechanism remains unclear (16) (17) (18) (19) . Additionally, the anti-inflammatory and antiapoptotic effects of DEX have been demonstrated in previous studies (20) (21) (22) (23) . DEX has also been reported to have an effect on mitochondrial permeability transition pore (mPTP) in neutrophil and isolated rat hearts following ischemia/reperfusion injury (24) (25) (26) against LPS-induced ALI by alleviating oxidative stress, mitochondrial damage and mitochondria-dependent apoptosis.
Materials and methods
Animals. All experimental protocols were approved by the Animal Care and Use Committee of the Southern Medical University (Guangzhou, China). The care of animals was in accordance with the National Institute of Health guidelines and with those of the Chinese National guidelines. A total of 24 Male Sprague-Dawley rats (weight, 180-220 g) were purchased from the Experimental Animal Center at South Medical University (Guangzhou, China) and were allowed to acclimate for 1 week prior to experiments. Animals were housed in individual cages in a temperature-controlled (25±2˚C) room, under a 12 h light/dark cycle, with ad libitum access to food and water.
Animal model. As previously described (27) , ALI was induced by intratracheal administration of LPS. Briefly, the animals were intramuscularly anesthetized with an injection of sodium pentobarbital (30 mg/kg). The rats were placed in a supine position on a warming device and the trachea was surgically exposed by a cervical middle line incision in the skin. The rats were subsequently challenged intratracheally with either 0.5 ml sterile normal saline (NS) alone or 0.5 ml NS with LPS (5 mg/kg body weight; Escherichia coli 0111:B4; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) stabbing the trachea with a microsyringe. Prior to ALI induction, the rats were pretreated with DEX (10 or 50 µg/kg) for 30 min. NS was used as the vehicle control.
Cell culture and stimulation. Rat type I alveolar epithelial cells (AECs) were obtained from ScienCell (San Diego, CA, USA) and grown at 37˚C in 5% CO 2 in Dulbecco's modified Eagle medium (DMEM, Sigma-Aldrich; Merck Millipore), containing low glucose, penicillin (100 U/ml, Sigma-Aldrich; Merck Millipore), streptomycin (100 units, Sigma-Aldrich; Merck Millipore) and 10% bovine serum (Sigma-Aldrich; Merck Millipore). The AECs were respectively pretreated with 10 and 50 µg/l DEX for 30 min, followed by stimulation of 5 µg/ml LPS for 12 h. DMEM was used as a vehicle control.
Experimental design. In vivo, rats were intramuscularly anesthetized with an injection of sodium pentobarbital (30 mg/kg), and were then sacrificed by decollation at 24 h post-LPS treatment. The lung injury oxygenation index (PaO 2 /FIO 2 ), histopathological changes, lung microvascular permeability and wet-to-dry (W/D) weight ratio were measured. To investigate the underlying mechanisms of DEX treatment in LPS-induced ALI, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining, serum lipid peroxidation, caspase 3 activity, and the expression levels of Bax, Bcl-2 and cleaved caspase 3 were investigated.
In vitro, following 12 h stimulation, oxidative stress, as determined by reactive oxygen species (ROS) production, mitochondrial function, as determined by mitochondrial membrane potential (MMP) and cellular ATP, and mitochondria-dependent apoptosis, as determined by cell apoptotic rate, cytochrome c release and caspase-3 activity were detected.
Histological examination. The lungs were harvested 24 h following LPS injection. The right middle lobes of the lungs were fixed with 10% formalin, embedded in paraffin and sectioned (4 µm thickness). Following deparaffinization and rehydration, the tissue sections were stained with hematoxylin and eosin. The pathological sections were observed and assessed in a blinded manner.
Lung microvascular permeability assay. The permeability assay was performed, as previously described (4) . Briefly, Evans blue (EB; 20 mg/kg; Sigma-Aldrich) was injected intravenously through the femoral vein. After 30 min, the animals were intramuscularly anesthetized with an injection of sodium pentobarbital (30 mg/kg), and were then sacrificed by decollation, and a midline thoracotomy was performed. The superior and inferior vena cava were subsequently ligated, the aorta was transected, and 20 ml normal saline solution was injected into the right ventricle at a pressure of 20 cm H 2 O to wash out the pulmonary intravascular content. A sample of lung tissue was weighed, homogenized and immersed in N,N-dimethylformamide (Sigma-Aldrich). The homogenate was incubated at room temperature for 48 h. Eluted EB was measured at 620 nm using an automatic microplate reader (SpectraMax M5; Molecular Devices, Sunnyvale, CA, USA), and the quantity was expressed as µg/100 mg dry tissue.
Measurement of lung W/D weight ratio.
The harvested wet lung was weighed and subsequently placed in an oven for 48 h at 80˚C, followed by weighing when it was dried. The lung W/D weight ratio was calculated.
Oxygenation index (P a O 2 /F i O 2 ) analysis. At 24 h following ALI (or sham), animals were anesthetized and administered endotracheal intubation with a 20-gauge catheter. The animals were mechanically ventilated with pure oxygen at 7 ml/kg (120 breaths/min). Following 20 min ventilation, the arterial blood was obtained from the carotid artery and measured using a commercial blood gas analyzer (ABL8000; Radiometer Copenhagen, Copenhagen, Denmark).
Measurement of mitochondrial membrane potential (MMP) in vitro.
The MMP was determined using the potential-sensitive fluorescent dye, JC-1. This dual-emission probe changes color from red-orange to green as the mitochondrial membrane depolarizes. The JC-1 (5 µmol/l) was loaded onto AECs for 15 min at 37˚C. The results were visualized using a confocal microscope (x650; LSM 780 NLO; Carl Zeiss, Jena, Germany). Alternatively, the fluorescence intensity was monitored using flow cytometry (BD Immunocytometry Systems, Franklin Lakes, NJ, USA) at an excitation/emission of 525/590 nm.
Measurement of cellular ATP in vitro.
Intracellular ATP was determined using a luciferase-based assay (CellTiter-Glo, Madison, WI, USA), according to the manufacturer's protocol. Following the addition of 100 µl CellTiter-Glo reagent to 100 µl cell suspension containing 10,000 cells in each well of a standard opaque-walled 96-well plate, the plates were allowed to incubate at room temperature for 10 min, and the luminescence was recorded in an automatic microplate reader (SpectraMax M5; Molecular Devices).
TUNEL staining. Lung histopathological slides were dewaxed and incubated with proteinase K. The slides were stained using a TUNEL kit (Biovision, Mountain View, CA, USA), according to the manufacturer's instructions. Subsequently, the cells were counterstained with Hoechst 33258 (Sigma-Aldrich) and examined under a fluorescence microscope (ECLIPSE FNl, Nikon).
Measurement of cell apoptosis in vitro.
Cell apoptosis was detected using an annexin V-FITC apoptosis detection kit (BD Biosciences, Franklin Lakes, NJ, USA). Following induction with H 2 O 2 , the cells (~1x10 5 cells/ml) were washed twice with PBS and suspended in 1X binding buffer. A total of 5 µl annexin V-FITC and 10 µl propidium iodide (PI; 50 µg/ml; Sigma-Aldrich) was added to the cell suspension. Following incubation at room temperature for 20 min in the dark, the fluorescence of the cells was determined immediately using a flow cytometer (BD Immunocytometry Systems).
Measurement of cytosolic cytochrome c in vitro.
Cytosolic cytochrome c content was estimated using a cytochrome c ELISA kit (Biovision), as described previously (28) . The cell homogenates were centrifuged (10,000 x g for 60 min at 4˚C) and the supernatant (cytosolic fraction) was collected and subjected to protein estimation using the bicinchoninic acid method (BCA). The samples were treated with a conjugate reagent, transferred to a cytochrome c antibody-coated microwell plate and incubated at room temperature for 60 min. The wells were washed and treated with a substrate and incubated for 30 min at room temperature, followed by the addition of a stop solution. The optical density was measured at 450 nm using an automatic microplate reader (SpectraMax M5). A serial dilution of cytochrome c calibrator was subjected to the assay, along with the samples. The values were plotted and the concentration of cytochrome c was calibrated from the standard curve.
Measurement of caspase 3 activity in vitro.
Caspase 3 activity was determined using a caspase 3 activity assay kit, according to the manufacturer's instructions (Biovision). The cells were lysed in caspase 3 sample lysis buffer. The homogenates were centrifuged at 10,000 x g and the supernatant was collected for protein estimation using BCA and for the caspase 3 assay. The cell lysates were exposed to the DEVD substrate conjugate provided in the kit. The sample was measured in an automatic microplate reader (SpectraMax M5) at excitation of 400 nm and emission of 505 nm.
Western blot analysis for Bax, Bcl-2 and cleaved caspase 3 in vivo.
The lung tissues were homogenized and analyzed by western blotting. Protein concentrations were determined using the BCA method. An equal quantity of protein was loaded onto 10% sodium dodecyl sulphate-polyacrylamide gels for electrophoresis. Following electrophoresis, the proteins were electroblotted onto polyvinylidene difluoride membranes. Membranes were blocked with blocking solution (5% skimmed milk diluted with PBS) at room temperature for 2 h, followed by incubation with primary antibodies against β-actin (1:5000 dilution; cat. no. ab8227; Abcam, Cambridge, UK), Bax (1:1,000 dilution; cat. no. ab32503; Abcam), Bcl-2 (1:1,000 dilution; cat. no. ab59348; Abcam) and cleaved caspase 3 (1:1,000 dilution; cat. no. ab13847; Abcam) overnight at 4˚C. The membranes were subsequently incubated with horseradish peroxidase-conjugated secondary antibody (1:5,000, cat. no. ab6721, Abcam), and the protein expression was detected using an enhanced chemiluminescence reagent [cat. no. abs920B-500, Absin Biotechnology Co., Ltd., Shanghai, China].
Measurement of ROS levels in vitro.
Intracellular ROS levels were assessed using a DCFH-DA probe (Sigma-Aldrich). The cells were treated with DCFH-DA (10 µM) after LPS stimulation for 20 min at 37˚C. Following incubation, the cells were washed and analyzed using an automatic microplate reader (SpectraMax M5). The relative intensity of DCF fluorescence was determined at a wavelength of 535 nm, as compared with the sham group cells.
Measurement of lipid peroxides in vivo.
The serum was obtained as described above. Lipid peroxides (LPOs) were measured using a commercially available kit (Cayman Chemical Co., Ann Arbor, MI, USA), according to the manufacturer's protocol. The LPO content was measured at 500 nm using an automatic microplate reader (SpectraMax M5).
Statistical analysis. All variables are presented as the mean ± standard deviation. Differences between the groups were determined using one-way analysis of variance with the least significant difference multiple-comparison test and Student's t-test when appropriate. P<0.05 was considered to indicate a statistically significant difference.
Results

DEX attenuates LPS-induced ALI in rats.
The present study examined the effects of DEX on LPS-induced ALI in rats. Lung histological sections of LPS-challenged rats exhibited accumulation of a large number of neutrophils in the intra and interalveolar space, a thickened alveolar wall, less alveolar space and interstitial congestion, and these alterations were markedly attenuated by pretreatment with DEX (50 µg/kg) (Fig. 1A) . Additionally, the lung microvascular permeability, reflected by EB content in lung tissue and W/D weight ratio of the lung were increased in LPS-challenged rats compared with the control animals. DEX pretreatment reduced the EB content in lung and the W/D weight ratio of lung compared with the LPS group (P<0.05 compared with the LPS group for 50 µg/kg DEX group; P>0.05 compared with the LPS group for 10 µg/kg DEX group; Fig. 1B-D) . In addition, the P a O 2 /F i O 2 was significantly decreased in LPS-challenged rats, which was improved by DEX treatment (P<0.05 compared with the LPS group for 50 µg/kg DEX group; P>0.05 compared with the LPS group for 10 µg/kg DEX group; Fig. 1D ). These results indicated that DEX pretreatment attenuated LPS-induced ALI in rats.
DEX prevents LPS-induced mitochondrial dysfunction.
To establish whether DEX attenuated LPS-induced mitochondrial dysfunction, the level of MMP and cellular ATP levels were evaluated. JC-1, the potential-sensitive fluorescent dye, forms aggregates in normally polarized mitochondria and monomers in damaged and depolarized mitochondria. The color of this dual-emission probe changed from red-orange to green as the mitochondrial membrane turned depolarized. As shown in Fig. 2A and B, the control cells were clearly red. However, LPS exposure rapidly caused MMP dissipation, as shown by the increase in green fluorescence and the concomitant disappearance of red fluorescence. Pretreatment with DEX significantly attenuated the changes in MMP, as indicated by the repression of green fluorescence and restoration of red fluorescence (P<0.05 compared with the LPS group for 50 µg/l DEX group; P>0.05 compared with the LPS group for 10 µg/l DEX group). In addition, the intracellular ATP level was decreased by LPS stimulation compared with the control group, indicating mitochondrial dysfunction in the AECs. Following pretreatment with the DEX, the ATP levels were increased compared with the LPS group (P<0.05 compared with the LPS group for 50 µg/l DEX group; P>0.05 compared with the LPS group for 10 µg/l DEX group; Fig. 2C ).
DEX inhibits the LPS-induced mitochondrial-dependent apoptosis.
To determine the protective effects of DEX against LPS-induced apoptosis, TUNEL and annexin-V/PI double staining assays were performed. In vivo, LPS-challenged animals exhibited a significant increase in red marked apoptotic cells, which was reduced by DEX (50 µg/kg) pretreatment (Fig. 3A and B) . In vitro, the rates of cell apoptosis were markedly increased following LPS exposure, compared with the control group, and were subsequently reduced by DEX pretreatment (P<0.05 compared with the LPS group for 50 µg/l DEX group; P>0.05 compared with the LPS group for 10 µg/l DEX group; Fig. 3C ).
Mitochondrial regulation of apoptosis is mediated through the release of cytochrome c, AIF and Smac, and ultimately caspase activation. In present study, cytochrome c release, caspase 3 activity and cleaved caspase 3 expression were detected. As shown in Fig. 4 , increased cytosolic cytochrome c and caspase 3 activities were observed in vitro, which was reduced by DEX pretreatment (P<0.05 compared with the LPS group for 50 µg/l DEX group; P>0.05 compared with the LPS group for 10 µg/l DEX group). In the lungs, pretreatment with DEX (50 µg/kg) inhibited LPS-induced cleaved caspase 3 upregulation ( Fig. 5A and B ; P<0.05 compared with the LPS group for 50 µg/kg DEX group; P>0.05 compared with the LPS group for 10 µg/kg DEX group).
Additionally, the present study investigated the changes in expression levels of the Bcl-2 family of proteins (Bax and Bcl-2) in lung tissue. LPS inhalation resulted in downregulation of the Bcl-2 protein, and DEX prevented this decrease (P<0.05 compared with the LPS group for 50 µg/kg DEX group; P>0.05 compared with the LPS group for 10 µg/kg DEX group; Fig. 5A and C). Expression of the pro-apoptotic protein Bax was upregulated by LPS induction and inhibited by DEX pretreatment (P<0.05 compared with the LPS group for 50 µg/kg DEX group; P>0.05 compared with the LPS group for 10 µg/kg DEX group; Fig. 5A and D) . These results indicated that intratracheal administration LPS induced lung cell apoptosis, which can be significantly alleviated by treatment with DEX.
DEX alleviates LPS-induced oxidation.
Oxidative stress is one of the most important mediators of mitochondrial dysfunction and apoptotic signaling. In vitro, a fluorescent probe, DCFH-DA, was used as a specific marker for quantitative mitochondrial ROS accumulation. LPS-induced mitochondrial ROS production was evidenced by increased intensity of DCF fluorescence in LPS-challenged rats compared with the control animals. This increase was attenuated by pretreatment with DEX (50 µg/l) (P<0.05 compared with the LPS group for 50 µg/l DEX group; P>0.05 compared with the LPS group for 10 µg/l DEX group; Fig. 6A ). To evaluate the oxidative stress in vivo, LPO levels were determined in rat serum. The LPO levels significantly increased in the LPS-challenged rats, which was subsequently reduced by pretreatment with DEX (50 µg/kg) (P<0.05 compared with the LPS group for 50 µg/kg DEX group; P>0.05 compared with the LPS group for 10 µg/kg DEX group; Fig. 6B ).
Discussion
Gram-negative organisms account for ~50% of infections predisposing to ALI, often in the setting of pneumonia or sepsis (27) . LPS endotoxin is the critical mediator of the organ dysfunction and mortality associated with severe Gram-negative infections (29, 30) . It is well-established that intratracheal administration of LPS can induce a model of ALI (4, 27) . In the present study, to investigate whether DEX attenuates sepsis-induced ALI, ALI rat model was established through intratracheal injection of LPS (5 mg/kg), according to a previous report (4) . The present study observed significant lung injuries and dysfunction following LPS administration, evidenced by deterioration of histopathology, increased vascular permeability, W/D weight ratio of the lung and decreased P a O 2 /FIO 2 , which is consistent with other studies (2, 4) . In previous studies, the protective effect of DEX against ALI has been demonstrated in several models (16, 17, 19) . Following pretreatment of DEX (50 µg/kg), LPS-induced ALI was attenuated, which was reflected by improved histopathological changes, vascular permeability, lung water content and P a O 2 /FIO 2. DEX has been reported to exert protective effect against ischemia/reperfusion injury in isolated rat hearts and may be associated with inhibiting the opening of mPTP (24) . In addition, DEX has been demonstrated to induce human neutrophil apoptosis, which is associated with the caspase cascade and loss of MMP (26) . To explore the mechanism behind the attenuation of ALI performed by DEX, the mitochondrial function and mitochondrial-dependent apoptosis were investigated in the present study. A reduction in MMP was demonstrated through JC-1 staining. LPS-induced MMP dissipation was reflected by the fluorescence changes in vivo and in vitro, which was subsequently improved by DEX treatment. MMP is dissipated in response to the arrest of the function of the respiratory complexes (I-V), which contributes to an inhibition of ATP biosynthesis. In vitro, DEX inhibited LPS-induced cellular ATP decrease.
Mitochondrial-dependent apoptosis is activated through the mitochondrial release of cytochrome c, AIF and Smac (28) . Cytochrome c, once in the cytosol, acts to release the apoptosome assembly from the apoptotic protease-activating factor 1, ATP and procaspase-9, leading to cellular morphological and functional alterations via the activation of caspase 3 and caspase 7 (13) . To further elucidate the present hypothesis of mitochondrial mediated apoptosis, cytosolic cytochrome c levels were estimated with a cytochrome c ELISA kit. It was demonstrated that DEX improved LPS-induced mitochondrial release of cytochrome c into the cytoplasm. Additionally, the present results demonstrated that DEX prevents LPS-induced caspase 3 activation in vivo and in vitro.
Mitochondrial regulation of apoptosis is also regulated by members of the Bcl-2 family of proteins (31, 32) . The Bcl family consists of both antiapoptotic (Bcl-2, Bcl-xL) and proapoptotic (BAK, Bax) factors. The pro-apoptotic members of this family, including Bax, trigger the release of mitochondrial apoptogenic factors into the cytoplasm by acting on the mPTP, thereby leading to caspases activation. While the antiapoptotic members serve a contrasting role to prevent apoptosis. In the present study, the expression levels of Bax and Bcl-2 were detected by western blotting in the rat samples. The results suggested that LPS-induced upregulation of Bax and downregulation of Bcl-2, which were improved by DEX treatment.
Oxidative stress is one of the most important mediators of mitochondrial dysfunction and apoptotic signaling (33, 34) . mPTP are major targets of ROS, from which Smac and cytochrome c are released into the cytoplasm after mPTP opening (7, 35) . The protective effect of DEX has been demonstrated in other diseases. In the present study, DEX inhibits LPS-induced oxidative stress, as evidenced by decreased cellular ROS and serum LPO levels following LPS stimulation. It is quite possible that mitochondrial oxidative stress serves an important role in the release of cytochrome c into the cytoplasm. DEX, by its antioxidant activity, may have prevented this effect.
In conclusion, the present study has provided evidence to suggest that DEX exerted significant attenuation of LPS-induced ALI in a rat model. It was also revealed that the potential mechanism of this action is through amelioration of oxidative stress, mitochondrial dysfunction and mitochondrial-dependent apoptosis. 
